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Abstract

Sensory neuroprosthetics offer a revolutionary approach to studying as well as treat-
ing patients suffering from sensory dysfunction resulting from neurological impair-
ments. Devices, such as cochlear implants, which restore the functionality of defec-
tive peripheral sensory organs, have become increasingly more prevalent and provide
greater autonomy and independence to patients. For those with damage to the
sensory neural circuits themselves as a result of disease or injury, alternative treat-
ment options must be implemented. Cortical prostheses that bypass the damaged
circuitry and deliver sensory information directly to the brain offer an alternative
option for these patients. This approach could be used to provide tactile sensation
for a prosthetic limb, restore a sense of sight in those with cortical visual impairment,
or recruit intact cortex to take on the lost functionality of damaged regions of the
brain. Importantly, developing devices that best serve these patient populations re-
quires deepening our understanding of the mechanisms underlying the brain’s ability
to incorporate information from a sensory prosthesis. Much of the current literature,
however, focuses on behavioral and perceptual endpoints rather than changes in the
brain at the mesoscopic level.

To that end, this dissertation aims to address that gap by characterizing the
emergence of distributed representations of artificial sensation following the use of
a cortical sensory prosthesis. Prior research has shown that adult rats could use

a microstimulation-based sensory neuroprosthesis that projected information about
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the infrared (IR) environment onto the barrel fields of primary somatosensory cortex
(S1). Equipped with this prosthesis, rats quickly learned to perform a four-choice
IR discrimination task with proficiency comparable to that attained in an analogous
visual discrimination task. This research established a useful paradigm for studying
how the brain adapts to incorporate new sensory information projected directly onto
cortex. The original research presented in this dissertation thus utilizes this paradigm
for investigating how brain regions distal to the site of stimulation represent the
stimulation patterns delivered by the prosthesis.

For this dissertation, I first discuss the response of two areas directly coupled
to S1: the ventral posteromedial nucleus of the thalamus (VPM) - the main input
nucleus to S1 and recipient of extensive corticothalamic feedback from S1 - and the
posteromedial nucleus of the thalamus (POm) - a modulatory nucleus in the par-
alemniscal whisker pathway. Specifically, I quantify the stimulation induced response
in S1, VPM, and POm. Using recordings from hundreds of multi-units from each
region, the proportion of units found to have post-stimulus responses statistically
distinguishable from their corresponding baseline activities was 97%, 97%, and 99%
for POm, VPM, and S1, respectively. This indicates that the region of the brain
affected by electrical stimulation is not constrained to the site of stimulation, but in
fact downstream correlates interconnected to the stimulated region of cortex show
significant responses as well.

Next I compare the presence of IR receptive field maps and the relative distri-
bution of preferred stimulus orientations. Previously, it has been demonstrated that
S1 units develop preferred stimulation patterns. That is, individual units showed
variable firing rates depending on the direction to the IR source. This work repli-
cated that finding, but more importantly I found that emergent IR receptive field
maps are found in VPM and POm as well. This shows that not only do the thalamic
units respond to ICMS, but undergo experience-dependent plasticity that allows the
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thalamic nuclei to encode the stimulus and participate in the sensory processing of
the artificial sensation. A mutual information analysis was preformed to quantify
the degree to which these subcortical regions represent the pattern of stimulation
delivered to the cortex. The proportion of units found to have significant mutual
information values was 57%, 74%, and 69% for POm, VPM, and S1, respectively.
These results indicate that the artificial sensory information is readily encoded in na-
tive sensory processing circuits. Furthermore it suggests that the cortex can impose
significant influence over the receptive field characteristics of thalamic nuclei even in
the adult rodent brain.

Finally, I discuss the implementation of graph convolutional neural network (GCN)
models to decode the stimulus features from the neural activity recorded during pros-
thetic use. The best performing GCN model was able to achieve a peak classification
performance of 73.5% on a modified ordinal regression performance metric. Addition-
ally, by allowing the model to learn the adjacency matrix for the neural graph data,
the adjacency matrix inferred was found to provide a better representation of the
underlying neural circuitry encoding the artificial sensation compared to standard
techniques (i.e. cross correlation and mutual information). This further demon-
strated the observation that thalamic units participated in the processing of the new
sense. Because the adjacency matrix derived from training the GCNs reflects the
nodes that best improve the predictions of the stimulation patterns, the adjacency
matrix also serves as a method of deriving connectivity measures for the recorded
units. The interpretation of these results represents a novel approach to determining
functional interactions and the effective circuits involved in processing a new sensory

modality.
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1

Introduction

1.1 Rationale

In this dissertation, | investigate how the rodent brain represents arti cial sensory
information provided through a cortical prosthesis during a sensory-augmented nav-
igation task. The initial motivation for this project was to characterize the e ect on
distal brain areas when a new sensory modality is projected directly onto sensory
cortex via electrical stimulation. Electrical stimulation of nervous tissue to treat
various indications such as pain or peripheral sensory de ciencies has been used for
decades (Clark et al., 1977; Wilson et al., 1991; Macherey and Carlyon, 2014; Zrenner
et al., 2010; Rizzo et al., 2003; Da Cruz et al., 2013; Dorn et al., 2013; Duncan et al.,
2017; Nirenberg and Pandarinath, 2012), but recent research interests in the use of
more advanced techniques and devices for direct electrical stimulation (DES) of the
central nervous system (CNS) to restore, augment, or modulate sensory or motor
functions has increased (Joucla and Yvert, 2012; Sugiyama et al., 2015; Lewis et al.,
2015; Deuschl et al., 2013). It has been argued that sensory prostheses that aim to

impart more complex sensations could bene t from the higher throughput capacity



of the CNS (Hartmann et al., 2016; Salas et al., 2018; Andersen et al., 2014; De La-
fuente, 2018; O'Doherty et al., 2009; Lebedev and Nicolelis, 2006, 2017). Much of this
research has focused on behavioral and perceptual endpoints rather than neurophys-
iological changes at the level of neural circuits or has only investigated circuit-level
changes in anesthetized animal models.

The lack of research into the downstream neurophysiological e ects of task rel-
evant DES thus motivated the research presented in Chapter 4 of this disserta-
tion. This research seeks to address this gap by building o a previously established
model for studying intracortical microstimulation (ICMS) based sensory information
(Thomson et al., 2013; Hartmann et al., 2016; Thomson et al., 2017). Speci cally,
recordings were made in the thalamus of animals equipped with a four infrared (IR)
light sensor prosthesis once they achieved pro ciency with the device in a task where
they had to localize IR sources in their environment. The second component of
this work uses the data collected from the IR experiments to train a Graph Con-
volutional Network (GCN) model to predict the stimulation parameters from the
neuronal activity as well as infer functional interactions between recorded regions.

Given the dense interconnections between thalamus and sensory cortex (De-
schénes et al., 1998; Nicolelis and Fanselow, 2002a; Alitto and Usrey, 2003; Hirai
et al., 2018; Temereanca and Simons, 2004), the thalamus presented a logical rst
location for characterizing information ow from primary somatosensory cortex (S1)
to distal sites. For most endogenous sensory systems, the thalamus plays an integral
role in sensory processing, including serving as a relay, coordinator, and modulator
of information owing to sensory cortex (see Section 2.1). Compelling evidence has
also accumulated indicating the thalamus's role in multisensory processing and as a
transcortical relay (see Section 2.1.4). How it participates in the integration of an
arti cial sensory modality, however, is not well characterized. In fact, little work has
been done to determine how much of the brain participates in processing an arti cial
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sensation delivered under task relevant conditions.

Thus this research makes two major contributions to the study of cortical sen-
sory prostheses as well as to the investigation of fundamental questions pertaining
to adult neuroplasticity and neural organization. The rst part seeks to characterize
how learning to use an ICMS-based neuroprosthesis results in the emergence of new
sensory representations in cortical and subcortical regions of the brain. Speci cally,
| seek to do this by determining the percentage of recorded units, at sites connected
to the region of stimulation, that carry information about the stimulus pattern deliv-
ered at a given time. Importantly, such improved understanding of the downstream
signal processing that takes place when projecting sensory information directly to
the cortex will contribute to the development of next generation sensory prostheses
which seek to promote embodiment of a synthetic limb or internalization of a new
sense (O'Doherty et al., 2011; Salas et al., 2018; Tabot et al., 2013; Andersen et al.,
2014; Dadarlat et al., 2015; de Abril et al., 2018; O'Doherty et al., 2009).

In the second part, | propose, in collaboration with Vivek Subramanian, a new
method for decoding sensory information in the brain that also reveals functionally
e ective circuits involved in processing that information. By implementing a GCN
model for extracting stimulus features from neuronal activity, the adjacency matrix
inferred by the neural network model reveals the connections between nodes most
pertinent to predicting the sensory information. This represents a novel technique
for determining the underlying graph representation of neural circuits involved in a

particular sensory processing function.
1.2 Organization of chapters

In this chapter, | introduced the aims of the research covered in this dissertation and
addressed the current gap in the literature. Speci cally, there is at present a lack of
research investigating how much of the brain participates in processing an arti cial
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sensation. While the current state-of-the-art in neuroprosthetics is able to achieve
remarkable results in some clinical and experimental settings, the full implications on
the nervous system remain unknown. That was the initial motivation for pursuing
the research discussed in this dissertation.

To that end, | initially cover the background necessary for framing the original
research presented in the subsequent chapters. The research conducted lies at the
nexus of several distinct disciplines warranting extensive background of a broad set of
topics. Neuroengineering is by its nature a cross-disciplinary eld at the intersection
of neuroscience and neurobiology, electrical engineering, as well as statistical analysis
and signal processing.

The following chapters are thus organized as follows:

Chapter 2 provides a broad overview of what is known about the thalamus. |
provide a review of the thalamus in order to illustrate its fundamental importance to
sensation and sensorimotor processing, and | cover what we know about its role in
processing for native sensory modalities. Chapter 3 provides a review of the rodent
whisker system and speci cally emphasizes the vital role this rodent model has played
in delineating sensory processing and coding strategies in the brain.

Chapter 4 describes the characterization of thalamic responses to task-relevant
stimulation delivered by a cortical sensory prosthesis. This work builds o of prior re-
search which established the infrared-sensing prosthetic system as a useful paradigm
for studying animal behavior. Having previously demonstrated the ability of adult
rats to incorporate a new sensory modality delivered directly to cortex, the research
in Chapter 4 demonstrates the neurphysiological consequences of training with that
prosthesis on subcortical sites.

Many individuals made contributions to that research which laid the ground-
work for the work presented here. Eric Thomson (E.T.) conceived of the original
IR project. E.T. and Miguel Nicolelis (M.A.L.N.) authored the original papers on
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this system. E.T. wrote much of the task control software in MATLAB with some
additions provided by Ivan Zea (I.Z.), and Joseph O'Doherty helped with the exper-
imental design as well as hardware and software development. Gary Lehew (G.L.)
and Jim Meloy (J.M.) built the behavioral chamber, multielectrode arrays, and the
pneumatic water reward system. J.M. designed and built the IR prosthetic housing
and wiring. Tim Hanson and A. Fuller designed and built the stimulators for the
prosthesis.

The majority of the training and experimental sessions analyzed for this research
were conducted by myself. Others assisted with training the rats and running ses-
sions, most notably Gautam Nayar (G.N.). The original proposal to record in the
thalamus was conceived and written by G.N. All surgeries for animals used in this
work were completed by myself. | coded all the programs and executed all analysis for
this project with consultation from E.T. as well as from 1.Z. and Jaehong Park (J.P.).
The code written by E.T. and 1.Z. for analyzing the past IR projects was extensively
consulted when writing the analytical programs for this project. Additionally, | pre-
sented a poster on a component of the work at the Society for Neuroscience (SfN)
annual meeting in 2017.

Chapter 5 discusses the implementation of GCN models for extracting stimulus
features from neural ensemble data recorded during the IR task. The original con-
ception of the project was Vivek Subramanian's (V.S.) and mine, stemming from a
discussion on using machine learning to decode neural activity. All data used for
this work were collected by myself. Dhanasekar Sundararaman (D.S.), Hongteng
Xu (H.X.), and others from Lawrence Carin's (L.C.) lab group at Duke provided
signi cant consultation. Pre-processing of the data was completed by D.S., V.S. and
myself. V.S. and | wrote the manuscript (unpublished) for this project. We received
editing suggestions from H.X., L. C., and M.A.L.N. V.S. coded and implemented the
GCN models on the Duke Compute Cluster. Analysis of the results was completed
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by V.S. and myself with some assistance from D.S.
Chapter 6 discusses the results from the work presented in Chapters 4 and 5,

contextualizes it within the current research, and proposes future directions.



2

Role of the thalamus

2.1 Sensory processing in the thalamus

The importance of the thalamus as it relates to sensory processing has been recog-
nized for more than a century (Le Gros Clark, 1932). The thalamus is the gateway to
the cerebral cortex. All sensory systems, with the exception of olfaction, must relay
through the thalamus before reaching the corresponding sensory cortex (Sherman
and Guillery, 2006). This makes it one of the most important neural structures for
understanding how the brain receives environmental information. Classical research
on the thalamus has enshrined its primary role as a relay structure, but substantial
evidence reveals that it also plays a vital role in the integration and coordination
of multiple cortices and subcortical regions of the brain (see Section 2.1.4). It is
this mutlisensory and transcortical role that is of particular interest for the research
discussed in this dissertation as it would implicate an important role of the thalamus
for allowing a subject to adapt to a sensory prosthesis. In other words, the subject
can only act on the sensory information being provided through the prosthesis if

the features of the stimulus are processed, executive functioning determines its re-



Figure 2.1 : Thalamus serves as a critical relay for sensory information.

(A) Representation of two pathways for sensory information ow from the sensory
organs to the corresponding sensory cortex. Tactile information (red) from the pe-
riphery is transmitted through spinal dorsal root ganglia to the dorsal column nuclei

in the brain stem to the ventral posterior lateral (VPL) nucleus of the thalamus be-

fore reaching the somatosensory cortex. Visual information (purple) from the retina
travels through the optic nerve to the lateral geniculate nucleus (LGN) before reach-
ing the visual cortex. (B) Representation of the major subdivisions of the thalamus
and the symmetric formation about the midline. Republished with permission of
McGraw-Hill Education, from Kandel et al. (2013); permission conveyed through

Copyright Clearance Center, Inc. g



ward value, and motor plans are constructed to drive behavior to act on the sensory
information.

Here | will discuss what we know about the functioning of the thalamus in or-
der to frame the interest in understanding its role in arti cial sensory informaiton.
The role the thalamus plays in sensory processing can be delineated based on its
anatomy, response properties, and adaptation to new sensory information. In total,
the more evidence that accumulates about the thalamus the more it appears to serve
an important gating function, rather than simply relaying, for determining whether
information passes to the cortex (Sherman and Guillery, 1996). For instance, thala-
mic relay neurons can operate in two ring modes which allow for detailed analysis,
when novel stimuli are presented or continuous relay, under usual conditions when

the stimulus is unchanging (Guido et al., 1995; Sherman and Guillery, 1996).
2.1.1 Anatomy

The thalamus is a small symmetrical structure centrally located about the midline of
the brain. Postmortem analyses and early crude staining techniques, including the
Marchi method of staining degenerating myelin, revealed several distinct groupings
of neuronal populations, or nuclei, based on the a erents they received. This early
work gave us the classical understanding of the thalamus as a relay station to the
cerebral cortex. Le Gros Clark (1932) and Walker (1938) provide extensive review
of these early tracing studies focusing on the work of anatomists and comparative
histological examinations.

These gross histological methods have been updated to include more detailed
imaging and connectivity analyses. Research has identi ed that the thalamus is
composed of upwards of 50 distinct nuclei (for general subdivisions see Figure 2.2).
These cellular groups have largely been characterized by the primary a erents they

receive from peripheral sense organs, corticothalamic projections, and subcortical
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connections. From these nuclei extend thalamocortical projections to the cortex
corresponding to the sense information being relayed. In this way, the thalamus
shapes the receptive elds (RFs) of the given cortex as it is the hub from which
the information stems. RFs constitute, not only the region in stimulus space that
causes activation of the respective neuron, but also the structure of the stimulus
that must be presented in that region. For example, the auditory cortex processes
auditory information precisely because the medial geniculate nucleus (MGN) of the
thalamus conveys auditory messages originating from the cochlea to that portion
of cortex. Figure 2.1 further illustrates this ow with two additional examples for
somatosensation and vision. Developmentally and functionally, the thalamus serves
a critical role in sensory processing.

One important feature of the thalamus, which will be addressed further in Section
3.1, is that the nuclei maintain a topographic map in the organization of a erents
and the thalamocortical e erents (Sherman and Guillery, 2006). That is, the spatial
organization of the external sensory receptors can be mapped onto the spatial or-
ganization of the corresponding thalamic neuronal populations responding to those
receptors. In this way, the region of cortex projected to also maintains an orderly to-
pographic mapping of the sensory surface. This raises the question of whether or not
the backpropagation of sensory information projected directly to cortex will impact
the RFs of the thalamus. Will the cortically derived sensation alter the thalamic
topography and synaptic architecture or will the sensory information be parsed such

that the features are processed by the pre-existing circuits?
Basic types of cells

There are three basic types of cells in the thalamus which will be discussed further
below. Those are relay cell, interneurons, and reticular cells (Sherman, 2017). The

majority of cells in the dorsal thalamus are relay cells. Relay cells are those that
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Figure 2.2 : Schematic depiction of the major nuclei of the the tha-

lamus (one hemisphere shown). Top illustration is a sagittal view through the
midline of a generalized primate brain with the thalamus colored (light brown).
Panels represent coronal slices at the planes depicted by the numbers at top (1-
5). First order nuclei (light blue) relay sensory and subcortical information to
cortex: AM =anteromedial; AV =anteroventral; LGN =lateral geniculate nucleus;
MGNv=ventral portion of medial geniculate nucleus;VL=ventral lateral; VPI,
VPL, VPM =inferior, lateral and medial portions, respectively, of ventral poste-
rior nucleus. Higher order nuclei (red) receive input from cortex and project
to other cortical areas: AD =anterodorsal; CM =centromedian; IL =intralaminar;
LD =lateral dorsal; MD =mediodorsal; MGNd=dorsal portion of medial geniculate
nucleus;PO=posterior; PU =pulvinar; VA=ventral anterior. Thalamic reticular nu-
cleus (TRN; purple) inhibits relay cells via GABAergic circuits. Adapted with per-
mission of The MIT Press, from Sherman and Guillery (2006)¢ 2006 Massachusetts
Institute of Technology. 11



primarily carry information from a driving source (see Section 2.1.3) to the cortex via
glutamatergic pathways. These units typically branch o into the thalamic reticular
nucleus (TRN) en route to the cortex . Relay cells have several subtypes and are
typically distinguished by their RFs. Intrinsic inhibitory interneurons act upon -
aminobutyric acid (GABA) receptors and mostly have projections locally on other

dorsal thalamic relay cells. TRN cells also use GABA and project onto relay cells.
2.1.2 Response properties of thalamic nuclei

Although histological staining and tracing studies have long demonstrated the anatom-
ical relationship between various sensory systems and their corresponding thalamic
nuclei, electrophysiological techniques that used electrical stimulation of upstream
bers were necessary to characterize the functional role of the thalamus. Interest-
ingly, there is considerable uniformity in the morphology and synaptic architecture

in thalamic nuclei across species, which will be discussed below.
Model thalamic nucleus: lateral geniculate nucleus

The history of characterization of the lateral geniculate nucleus (LGN) provides a
useful background for understanding the thalamus as its basic circuitry and other
features are representative of many thalamic sensory nuclei (Guillery and Sherman,
2002). Many of the structural features of LGN are found in other nuclei across species
including monkeys, cats, and rats: MGN (Jones and Rockel, 1971; Majorossy and
Kiss, 1976), the ventral lateral and ventral anterior nuclei (Aumann et al., 1994;
Grofova and Rinvik, 1974; Harding, 1973; Kultas-llinsky et al., 1980; Kultas-llinsky
and llinsky, 1991), the somatosensory thalamus or ventrobasal complex (VB) (Ral-
ston Ill, 1969; Jones and Powell, 1969b,a; Liu et al., 1995), and the anterior nuclei
(Somogyi et al., 1978). The comparable synaptic terminal appearances under the

microscope and common neurotransmitters used by their primary a erents make the
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Figure 2.3 : Representative response traces for optic nerve and LGN cell.
Simultaneous recordings from optic tract ber (small positive spikes) with “on'-center
RF and LGN cell from right layer A, (large positive-negative spikes) with "o '-center
RF following 1 second light stimulus (bar above trace represents when stimulus was
active). Left panel shows stimulus presented. From top to bottom, centered light
spots with 1, 2, 8, and annular stimulus with 2 inner diameter and 8 outer
diameter. Reprinted with permission of John Wiley and Sons, from Hubel and
Wiesel (1961); permission conveyed through Copyright Clearance Center, Inc.

LGN a good model for other nuclei (Sherman and Guillery, 1996).

By varying the amplitude of stimulation delivered to the optic nerve, Bishop et al.
(1958) were able to excite individual neurons in the cat LGN with the response vary-
ing linearly with the magnitude of the stimulation. Continuing their groundbreaking
work on the visual system, Hubel and Wiesel (1961) investigated the RF properties
of LGN cells. Retinal ganglion and LGN cells were recorded in anesthetized cats as
spots of light of varying diameter were shone on a screen. This work revealed that
LGN units had RFs which resembled retinal ganglion cells with “on' center and o'
center variants (Figure 2.3).

Through the work of Hubel and Wiesel (1959, 1961), researchers could compare

response pro les for three successive stages of sensory processing in the visual sys-
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tem: retina, LGN, and striate cortex. This showed that each stage had RFs with
excitatory and inhibitory regions that were mutually antagonistic, LGN had concen-
tric RFs similar to retinal cells, and spatial topography was conserved. Additionally,
in spite of the similarities, LGN responses were not identical to those along the op-
tic nerve, leading the researchers to propose that LGN, rather than simply being a
\way-station"”, was in fact integrating signals from multiple incoming signals. Later
Guillery (1966) appeared to provide further evidence of this by showing that some
types of LGN cells stained using Golgi's method received inputs from multiple retinal
bers. Hamos et al. (1987) clari ed that retinal ganglion cells may synapse on more
than one target but ultimately they exhibit selectivity in regards to the LGN cells
they innervate, and further that the total number of retinal synapses per LGN cell
was fairly low, albeit commonly more than one.

Although the overall response pro le (e.g. frequency, amplitude, spike timing) of
LGN units shows subtle di erences as compared to retinal ganglion cells (Hubel and
Wiesel, 1961), the receptive eld properties { that is the location in visual space and
stimulus structure that illicit measurable neuronal responses { are nearly identical to
their retinal inputs (Cleland et al., 1971; Bickford, 2016). That is in contrast to the
complex stimulus selectivity observed in primary visual cortex such as orientation
selectivity and direction of motion (Hubel and Wiesel, 1959, 1962). This increase in
the complexity of stimulus features that can be processed by the cortex is due to the

increased complexity in the architecture and interconnectivity of cortical ensembles.
Firing modes

Thalamic cell activity falls into two main categories, burst mode and tonic mode
(Sherman, 2017). This is largely due to the role of T type Ca channels densely
located at the soma and dendrites of thalamic cells, to a greater degree than other

cells (Levitan and Kaczmarek, 2015). The current through the Ca channels, t,
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causes a large depolarizing spike of upwards of 25mV (Sherman, 201%)islinac-
tivated unless the neuron is rst hyperpolarized from rest for approximately 100ms,
at which point the Ca? channel is considered de-inactivated (Jahnsen and Llinas,
1984a,b). While de-inactivtated, a strong enough excitatory postsynaptic potential
(EPSP) causes the cell to re in burst mode. Otherwise, the cell responds with a
conventional action potential; this is termed tonic mode (Sherman, 2017, see Figure
2.4 for an illustration of the di erent ring modes). It has been found that the ratio

of signal to noise is improved during burst mode as compared to tonic mode (Guido
et al.,, 1995). This suggests that the di erent modes provide for di ering levels of
analytical attention to a stimulus; that is, under burst mode, it is easier to detect

novel stimuli.
2.1.3 Organizational patterns

Summarizing these observations, Sherman and Guillery (1998) provided a framework
for evaluating thalamic circuitry by classifying inputs as \drivers" or \modulators".
They de ne \drivers" as the inputs which determine the receptive eld properties of
the terminal nuclei. \Modulators" are those that \[alter] the probability of certain
aspects of [the] transmission” of the inherited receptive eld properties. In other
words, drivers are the primary source that determines the activity in the thalamic
nucleus. In the case of LGN, retinal inputs make up only about 5% of the synapses
despite being the drivers as discussed above (Cleland et al., 1971; Van Horn et al.,
2000). That means non-retinal inputs make up the vast majority of synaptic inputs,
which is what allows the thalamus to serve as an integrator of information and
participate in sensory processing rather than solely relay. The identi cation of drivers
in the thalamic pathway is important as it helps establish functional hierarchies in
sensory processing.

Drivers and modulators of thalamic nuclei can be distinguished by several crite-
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Figure 2.4 : Firing modes of thalamic neurons. (A) EPSPs elicited when the
thalamic cell is at rest at -55mV which means the T type Ca channels are closed.
This response is considered tonic modéB) When the cell has been hyperpolarized
from rest, T type Ca2 channels are open, and EPSPs result in a burst of action
potentials, burst mode. (C) Response of the cell to increasing current injections
when it is voltage-clamped at di erent resting potentials. Reprinted with permission
of John Wiley and Sons, from Sherman (2017)¢ American Physiological Society;
permission conveyed through Copyright Clearance Center, Inc.

rion formally delineated by Sherman and Guillery (2006). Thalamic a erents can be
classi ed under this framework based on their e ect on RFs, type of postsynaptic
receptors, physiological e ects, degree of convergence, and the structure and organi-
zation of axonal and dendritic arbors. (Guillery and Sherman, 2002; Sherman and
Guillery, 2006; Bickford, 2016).

Rose and Woolsey (1949) initially developed a means of categorizing thalamic

nuclei into intrinsic and extrinsic groups based on whether they received input from
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distal or proximal targets. With additional evidence revealing nuance to the inner-
vations of the thalamus, Sherman and Guillery (1998) provided an updated organi-
zational approach for di erentiating thalamic nuclei. Speci cally they de ned rst
order relays and higher order relays (see Figure 2.2 for classi cation of major nuclei).
These are de ned principally by the source of the a erents that innervate them. First
order nuclei are driven by peripheral sensory receptors, mamillary bodies, and deep
cerebellar nuclei (Sherman and Guillery, 2006). Higher order nuclei, on the other
hand, get their driving input from the cortex, speci cally from layer 5 pyramidal
cells (Sherman and Guillery, 2006; Bickford, 2016).

As it pertains to the research | will discuss in later chapters, | hypothesized that
the higher order nuclei innervated by the primary somatosensory barrel elds (S1BF)
corticothalamic projections will be the most likely to develop emergent representa-
tions of the arti cial sensation. Furthermore, it is thought that these higher order
nuclei will participate in ultimately transferring the sensory information to other

targets needed for executing behavior driven by the stimulus (see Section 2.1.4).
Drivers

McCormick (1992) provides an extensive review of the postsynaptic receptors and
neurotransmitters used on postsynaptic thalamic relay cells. A erents categorized as
drivers almost exclusively activate ionotropic receptors (Sherman and Guillery, 1998).
These bers originate from the peripheral sense organs and subcortical structures
in the case of rst order relay cells and layer 5 of cortex for higher order relays.
lonotropic receptors are ligand-gated ion channels which are directly opened by the
binding of their respective neurotransmitter (Kandel et al., 2013). These receptors
are able to respond rapidly (approximately 5-10msec), resulting in fast, transient
evoked postsynaptic potentials (PSPs) (Sherman and Guillery, 1998). The fast PSPs

caused by driver inputs provide broadband temporal Itering that allows a wide range
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of frequencies to pass (Sherman and Guillery, 2006).

In the case of drivers, the inputs are always excitatory and most commonly use
glutamate (McCormick, 1992). Responses in relay cells of the LGN of rats as a result
of electrical stimulation of the optic nerve have been shown to be fast EPSPs that
can be blocked by application of -d-glutamylglycine (DGG), a general excitatory
amino acid antagonist that blocks glutamate receptors (Crunelli et al., 1987), or
selective N -methyl-d-aspartate (NMDA) or non-NMDA antagonists (Sillito et al.,
1990). In a series of experiments by Salt (1986, 1987) and Salt and Eaton (1989,
1991), the precise contributions of NMDA and non-NMDA receptors to electrophys-
iological responsesn vivo along the somatosensory pathway in anesthetized rats
were characterized using selective receptor antagonists. Speci cally, it was demon-
strated that NMDA receptors mediate responses to long-latency natural stimulation
and non-NMDA receptors mediate the response to short-latency stimulation of pe-
ripheral receptors or electrical stimulation of a erents to the VB complex, which
is comprised of the ventral posterior medial (VPM) and ventral posterior lateral
(VPL) nuclei of the thalamus. Studies of the cat LGN and rat VB complex suggest
that every retinal or somatosensory axon can activate either-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) or NMDA receptors (Scharfman et al.,
1990; Turner and Salt, 1998; Sherman and Guillery, 2006).

Another characteristic of driver inputs is that repetitive stimulation of their
projections results in desensitization of the postsynaptic receptors at the thalamus
(Turner and Salt, 1998; Li et al.,, 2003; Sherman and Guillery, 2006, see Figure
2.5). This frequency-dependent depression is thought to contribute to information
processing by allowing the brain to dynamically adapt to rapid changes in sensory
input (Chung et al., 2002). By reconstructing the 3D morphology of retinogeniculate
(RG) synapses using serial ultrathin section electron microscopy and simulations of

transmitter di usion, Budisantoso et al. (2012) showed that several RG projections
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converge on single dendrites of relay cells, these contacts have high probabilities of
release for glutamate, and that the complex glomerular structure (see Figure 2.6
inset) of these sites results in spill over of released glutamate. This increases initial
signal delity for strong incoming signals but also results in diminishing returns due

to the desensitization of AMPA receptors in neighboring release sites e ected by the
spillover. A complete map of drivers in the primate thalamus using vesicular glu-
tamate transporters 1 and 2 con rms a criterion outlined by Sherman and Guillery
(2006) that drivers from di erent origins show little convergence in terms of thala-
mic targets and composition of excitatory inputs to these sites display considerable
variability (Row et al., 2012).

With the widespread use of electron microscopes, images of the thalamus have
shown that periphery a erents synapsed on their thalamic targets with stereotyped,
glomerular arrangements (Bickford, 2016, see Figure 2.6 inset). These synapses were
characterized by pund, large terminals, leading them to be termed RL pro les (also
type or class Il). This was found upon examination across di erent species span-
ning di erent orders, including squirrel monkeys and cats, for retinogeniculate tracts
(Szentgothai, 1963; Guillery, 1969; Pasik et al., 1973), trigeminal nucleus a erents
to VB (Ralston Ill, 1969; Ralston Il and Herman, 1969), cochlear tracts to MGN
(Majorossy and Rethelyi, 1968), and corticothalamic projections to the pulvinar
(Majorossy et al., 1965; Mathers, 1972a,b). These projections form few of these so

called RL terminals on large caliber dendrites proximal to the soma (Figure 2.6).
Modulators

Upwards of 95% of all synaptic junctions located on thalamic relay cells are mod-
ulators (Sherman and Guillery, 2006). The form of modulation can be varied from
altering the gain of transmission of the driver inputs, a ecting the sensitivity of the

thalamic relay cells, to a ecting the conductance of potassium, calcium, or other
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Figure 2.5 : Repetitive stimulation of driver input results in paired-pulse
depression. Representative traces from mouse POm unit following stimulation of
corticothalamic projection in layer 5 barrel cortex. (A) Evoked EPSPs in POm
following 300 A current injection in barrel cortex for unit held at di erent resting
voltages. (B) Train of stimulation pulses results in rapid adaptation such that sec-
ondary responses are diminshed (paired-pulse depressiof}) Ratio of secondary
response (A2) to initial response (Al) as a function of time between stimulation
pulses. lllustrates that secondary responses do not recovery to full amplitude of
initial response until j 160msec after initial pulse. Adapted with permission of The
MIT Press, from Sherman and Guillery (2006),c 2006 Massachusetts Institute of
Technology.

cations (Shepherd and Grillner, 2010; Jahnsen and Llinas, 1984a; McCormick, 2004;
Sherman and Guillery, 2006; Shepherd, 2004). Despite not directly determining the
RFs of thalamic neurons, the abundance of modulating inputs makes them particu-
larly important for understanding sensory processing in the thalamus. These inputs
come from layer 6 of neocortex, intrathalamic interneurons and reticular neurons, as
well as some brainstem sites. For the rst order relay cells innervating the stimu-
lation site in the IR experiments discussed in Chapter 4, the increased activity in

their target a erent sites due to the electrical stimulation is hypothesized to result

20



Figure 2.6 : Generalized schematic of thalamic circuitry and synaptic rela-
tionships. (Top) Representation of common elements of thalamic circuitry. A erent
bers (A.) from the periphery synapse onto thalamicortical relay neurons (TCR)
which project to cerebral cortex. Intrinsic GABAergic interneurons (IN) and ex-
trinsic GABAergic reticular neurons (R) project intrathalamically onto TCR. (inset)
Drawing of glomerular complex at site of proximal dendrites of TCR where they re-
ceive large synaptic terminals (RL) from subcortical a erent bers. These sites are
typically ensheathed by glial cells (G) which encompass presynaptic dendritic termi-
nals (PSD) of interneurons forming a triadic arrangement. Reticulothalamic axons
(R) are mainly located on the TCR dendrites although some terminals (F) may be
part of the glomerulus. Large numbers of corticothalamic terminals (C) form on
distal TCR dendrites with a smaller number terminating on PSD. Cholinergic a er-
ents (N.Sp.) from the brain stem synapse close to the a erent terminals. Adapted
with permission of Oxford Publishing Limited, from Shepherd and Griliner (2010),
€ 2010 Oxford University Press, Inc.; permission conveyed through PLSclear.
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in inhibition of their activity as it is incongruent with the stimulation.

In contrast to driver inputs which act solely on ionotropic receptors and cause
rapid, large EPSPs, modulators can act on both metabotropic and ionotropic recep-
tors and result in small EPSPs as well as inhibitory postsynaptic potentials (IPSPs)
(Sherman and Guillery, 2006). Metabotropic receptors indirectly gate ion chan-
nels through second messenger metabolites within the cell, such as cyclic adenosine
monophosphate (CAMP), that activate protein kinases which go on to phosphorylate
the ion channels causing them to open (Kandel et al., 2013). Due to the nature of
metabotropic receptors, the response to opening of their associated ion channels can
be much more prolonged, even lasting for seconds.

For modulators acting upon ionotropic receptors, Chance et al. (2002) and Abbott
and Chance (2005) describe theoretical means by which such signals can alter the
gain of the driver input transmission. By introducing random Poisson background
synaptic input to an in vitro slice preparation, they were able to demonstrate that
the ring rate of somatosensory cortical cells varied in response to a constant driving
current as a function of the amount of background input (Chance et al., 2002).
Rather than the variable synaptic input to a cell being solely a source of noise,
the balance of excitatory and inhibitory inputs to a unit provide a means of gain
modulation (Abbott and Chance, 2005). Given the range of inputs on relay units in
the thalamus, this balancing mechanism of excitatory and inhibitory inputs for gain
modulation could certainly apply.

Figure 2.7 illustrates the impact of metabotropic glutamate receptors. Speci -
cally, 2.7C shows that antagonists for ionotropic glutamate receptors have no impact
on the response to high frequency stimulation, whereas metabotropic glutamate rec-
ceptor antagonists do (Reichova and Sherman, 2004). This discrepancy in the re-
sponse facilitated by ionotropic and metabotropic glutamate provides a processing
mechanism for the CNS to distinguish between frequencies from sensory inputs. This
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makes the slow response of the metabotropic receptors function like low-pass tem-
poral Iters for information transfer through the thalamus (Sherman and Guillery,
2006). Figure 2.7 also illustrates how modulators can serve to increase the response
to an incoming stimulus through paired-pulse facilitation. This function essentially
emphasizes the signal coming through allowing the cortex to increase gain through
the feedback projections.

Another di erence between driver inputs and modulators shows up on exami-
nation of the synaptic terminals. In contrast to the large terminals observed with
drivers, modulators are characterized byrsall axons with round vesicles, therefore
labeled RS pro les (also type or class 1) (Van Horn et al., 2000). These terminals
generally stem from cortical and brainstem targets. Other modulatory inputs come
from local inhibitory interneurons acting upon GABA receptors forming_lattened
vesicles; these terminals are given the designation F in the literature with further
di erentiation for axon terminals (F1) and dendritic terminals (F2) (Van Horn et al.,
2000; Sherman and Guillery, 2006; Bickford, 2016). Modulating inputs often inner-
vate the relay cells in the thalamus as well as the interneurons and reticular neurons.

In addition to the neurotransmitters discussed above, a erents to the thalamus
use acetylcholine, noradrenaline, serotonin, and histamine (Sherman and Guillery,
1996, 2006). Cholinergic projections from the brain stem activate nicotinic recep-
tors resulting in fast EPSPs as well as metabotropic muscarinic receptors, M1 type,
that result in a very slow, long lasting EPSP (McCormick, 1992). These brainstem
cholinergic inputs excite relay cells and inhibit the local thalamic inhibitory cells by
acting upon M2 type muscarinic receptors, thereby also resulting in disinhibition of
the relay cells (Sherman, 2017). Axons from the brainstem also appear to release
nitric oxide, although its e ect is not well known (Bickford et al., 1993). Recent
evidence suggests it may impact prefrontal cortical mediated memory retrieval (Ka-
rimani et al., 2019). Noradrenergic axons from the brainstem and serotonergic axons
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from dorsal raphe nucleus innervate the dorsal thalamus as well as some reticular

cells (Morrison and Foote, 1986; De Lima and Singer, 1987; Fitzpatrick et al., 1989).

Figure 2.7 : Repetitive stimulation of modulator input results in paired-

pulse facilitation.  Representative traces from mouse POm unit following stimu-
lation of corticothalamic projection in layer 6 barrel cortex.(A) Evoked EPSPs in
POm following 70 A current injection in barrel cortex. (B) Train of stimulation
pulses results in graded response with subsequent EPSPs increasing in amplitude
(paired-pulse facilitation). (C) Representative experiments demonstrating the role
of mGIuR1 in high-frequency signal processing. Recordings from POm units exposed
to MK-801 (NMDA antagonist) and DNQX (AMPA antagonist). Top trace shows
response to low frequency (13Hz) stimulation for 600msec is blocked. Second shows
normal response to high frequency (125Hz) stimulation for 600msec. Third and last
trace distinguish contribution of mMGIuR5 and mGIuR1. MPEP (mGIuR5 antagonist)
does not block response to high frequency stimulation (third trace) but LY367385
(mGIuR1 antagonist) does (bottom trace). (D) Ratio of secondary response (A2)
to initial response (Al) as a function of time between stimulation pulses. lllustrates
the increase in response with short latencies between stimulation pulses. Reprinted
with permission of The MIT Press, from Sherman and Guillery (2006)¢ 2006 Mas-
sachusetts Institute of Technology.
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First order and higher order nuclei

A further organizational classi cation delineated by Sherman and Guillery (1998)
is that of rst order and higher order relay nuclei within the thalamus. Essentially
the key di erentiation between these types of nuclei are the source of their a erents.
First order nuclei are those that relay peripheral sensory information. These include
the LGN for relay information from the retina, MGN for auditory information, and
VPL and VPM for somatosensory information (Bickford, 2016). Higher order nuclei
are those that receive driving input from layer 5 of the cortex, the best example
being the pulvinar. These higher order nuclei implicate a potential route for corti-
cothalamocortical information transmission (Guillery and Sherman, 2002; Sherman
and Guillery, 2002). Higher order nuclei may provide a way for one cortex to be

made aware of what another cortex is doing (Sherman and Guillery, 1996).
2.1.4 Multisensory processing

Accumulating evidence indicates that the thalamus plays a multifaceted role in sen-
sory processing. Beyond solely functioning as a hub for sensory information, evidence
shows that it also modulates the ow of information as discussed above. The poten-
tial for a multisensory and sensorimotor role has also been supported by mounting
evidence (Ghazanfar and Schroeder, 2006; Hackett et al., 2007; Cappe et al., 2009a,b).
As a functional illustration of the potential to perform cross-modal integration, Ko-
mura et al. (2005) trained rats to perform an auditory task in which visual cues
were simultaneously presented but only the auditory cues were predictive of reward.
Interestingly, they found that whether the visual cue was congruent or incongruent
with the auditory cue modulated the ring activity of the auditory thalamic neu-
rons. Congruent cues led to enhanced auditory responses whereas incongruent cues
suppressed the auditory responses.

Additionally several lines of anatomical evidence for a multisensory role are dis-
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Figure 2.8 : Transcortical circuit from S1BF to S2 through POm. VPM,

a rst order (dark gray) relay, carries information from medial lemniscus to layer
4 of S1 barrel elds (S1BF). Layer 5B pyramidal cells send excitatory projections
to higher order (light gray) relay nucleus, POm. POm then relays S1BF activity
to layer 4 of S2. Reprinted with permission of Springer Nature, from Theyel et al.
(2010); permission conveyed through Copyright Clearance Center, Inc.

cussed by Cappe et al. (2009a, 2012). Using a combination of anterograde and
retrograde tracers in the same animal, Cappe et al. (2007, 2009b) showed signi cant
overlap of thalamocortical and corticothalamic projections to di erent sensory and
motor areas. For example, Cappe et al. (2009b) injected tracers in somatosensory,
auditory, and premotor cortical areas and found that the pulvinar nucleus in partic-
ular projected to all injected cortical sites. Projections to auditory and motor cortex
overlapped in some nuclei of the thalamus at rates of up to 30%. Cappe et al. (2007)
additionally demonstrated signi cant overlap in thalamic sites from corticothalamic
projections with those from layer 5 terminating in RL terminals typical of drivers,
suggesting feedforward control of the thalamus, and those from layer 6 in RS termi-
nals, suggesting feedback.

Nearly all drivers derived from the periphery to the cortex are paralleled by an
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indirect corticothalamocortical driver route through higher order relays (Sherman,
2017). Furthermore, Sherman and colleagues provide compellimgvitro evidence
of a transcortical route (see Figure 2.8) through the medial portion of the posterior
nucleus (POm) that is su cient enough to drive activity in secondary somatosensory
cortex (S2) following S1 stimulation (Theyel et al., 2010). Theyel et al. (2010) elec-
trically stimulated S1BF and used avoprotein auto uorescence to measure activity
in S1BF, POm, and S2 in response (Figure 2.9A). Following a lesion between S1BF
and S2, they found that electrical stimulation of S1BF continued to result in activity

in POm and S2 (Figure 2.9B); however, after lesioning POm, activity in S2 ceased
(Figure 2.9C).

Furthermore, they inactivated POm using an AMPA receptor antagonist (DNQX)
and demonstrated that stimulation of S1BF by microspritzing glutamate no longer
resulted in S2 activity, but after a washout of the DNQX, the activity in S2 returned
(Figure 2.9D-F). Taken together, this provides some of the strongest evidence to date
that corticocortical communication can be facilitated by feedforward driving circuits
through thalamus even in the absence of direct connections between the cortices
(Bastos et al., 2012). These results, in particular, suggest an important role of POm
in the thalamus in the transfer of arti cial sensory information provided by a sensory

prosthesis to other cortical sites.
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Figure 2.9 : Demonstrations of su ciency for transcortical communication

facilitated by thalamus. In vitro mouse brain slices immersed in arti cial cere-
brospinal uid (ACSF) were stimulated in S1BF. Optical traces (insets) of amount
of uorescence at pixel denoted by blue dot in S2 under each conditiofA) Elec-
trical stimulation of S1BF causes activation in POm and S2.(B) Sl-stimulation
induced S2 activity is not removed following lesion of direct S1 to S2 connection,
but POm ablation silences SZC) . (D) Microspritzing glutamate on S1BF results
in activity in S2. (E) Local application of DNQX on POm silences the response to
S1 glutamate spritzing. (F) Activtiy in S2 is returned in response to S1 stimulation
following washout of DNQX. (G) Maximum change in uorescence during DNQX
treatment experiments during baseline, after DNQX application, and after washout
from 9 separate runs.(H) Mean change in uorescence across the 9 runs in the 3
conditions. (I) Image of uorescent tracer spritzed on thalamus to show the control
of injection of DNQX. Adapted with permission of Springer Nature, from Theyel
et al. (2010); permission conveyed through Copyright Clearance Center, Inc.
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